Fragile X syndrome, the most common form of inherited mental retardation, is caused by the loss of the fragile X mental retardation protein (FMRP). FMRP is a ubiquitously expressed, multi-domain RNA-binding protein, but its in vivo function remains poorly understood. Recent studies have shown that FMRP participates in cell cycle control during development. Here, we used Drosophila mutants to test if FMRP plays a role in DNA damage response under genotoxic stress. We found significantly fewer dfmr1 mutants survived to adulthood than wild-types following irradiation or exposure to chemical mutagens, demonstrating that the loss of drosophila FMRP (dFMRP) results in hypersensitivity to genotoxic stress. Genotoxic stress significantly reduced mitotic cells in wild-type brains, indicating the activation of a DNA damage-induced G2/M checkpoint, while mitosis was only moderately suppressed in dfmr1 mutants. Elevated expression of cyclin B, a protein critical for the G2 to M transition, was observed in the larval brains of dfmr1 mutants. CycB mRNA transcripts were enriched in the dFMRP-containing complex, suggesting that dFMRP regulates DNA damage-induced G2/M checkpoint by repressing CycB mRNA translation. Reducing CycB dose by half in dfmr1 mutants rescued the defective G2/M checkpoint and reversed hypersensitivity to genotoxic stress. In addition, dfmr1 mutants exhibited more DNA breaks and elevated p53-dependent apoptosis following irradiation. Moreover, a loss-ofheterozygosity assay showed decreased irradiation-induced genome stability in dfmr1 mutants. Thus, dFMRP maintains genome stability under genotoxic stress and regulates the G2/M DNA damage checkpoint by suppressing CycB expression.
INTRODUCTION
Fragile X syndrome (FXS), the most common form of inherited mental retardation, is caused by transcriptional silencing of fragile X mental retardation 1 (FMR1) gene (1) . FMR1 encodes a ubiquitously expressed, multiple domain RNAbinding protein FMRP (fragile X mental retardation protein). Although it was identified three decades ago, the in vivo functions of FMRP remain poorly understood.
Emerging evidence supports that FMRP is critical for the differentiation and proliferation of germline and neural stem cells. Studies with neurospheres generated from the brains of Fmr1 knock-out mice and Fragile X fetus show that the loss of FMRP leads to an increased number of neurons but a reduced number of glial cells (2) . More recently, Luo et al. 4655-4668 doi:10.1093/hmg/dds307 Advance Access published on July 26, 2012 of several factors involved in stem cell proliferation and differentiation, including cyclin D1, cyclin-dependent kinase 4 (CDK4) and glycogen synthase kinase 3b (3) . In Drosophila, drosophila FMRP (dFMRP) collaborates with caprin, a translational regulator, to regulate cell cycle progression by repressing the expression of CycB during embryo development (4) . In the developing ovary, dfmr1 mutants display defective germline proliferation and cell cycle progression (5, 6) , while in the larval brain, dfmr1 mutations lead to a significant increase in the number of mitotic neuroblasts (7) . In addition, a single neuroblast from dfmr1 mutants generates significantly more neurons than wild-type controls (7) . The altered differentiation and proliferation of germline and neural stem cells in FMRP-deficient mammals and dfmr1 mutant Drosophila together suggest that FMRP may be involved in cell cycle control.
The molecular pathways for cell cycle control, like those involved in DNA repair and apoptosis, are activated in response to DNA damage (8) . When DNA damage occurs in G2 phase, the CycB-CDK1 complex is inactivated, leading to cell cycle arrest at the G2 to M transition (9) . In the HeLa cells, DNA damage causes a transient decrease in CycB expression at both the transcriptional and translational levels (10, 11) . Overexpression of CycB abrogates DNA damage-induced G2 arrest, whereas a reduction in CycB1 prolongs G2 phase in HeLa cells after irradiation (12) . Thus, the CycB -CDK1 complex acts as a critical regulator at the G2/M transition in cells with DNA damage.
Both the DNA damage response pathways and FMRP are highly conserved across evolution (13) (14) (15) . Hence, it is possible to investigate their roles in Drosophila. In this study, we found that Drosophila dfmr1 null mutants were hypersensitive to genotoxic stress. Loss of dfmr1 caused a defective G2/M cell cycle checkpoint following DNA damage, leading to excessive mitosis in association with the elevated expression of CycB. CycB mRNA was enriched in the dFMRP-containing protein complexes from larval brains, suggesting a negative regulation of CycB by dfmr1. In addition, dfmr1 mutants showed excessive apoptosis, more DNA breaks and decreased genome stability upon DNA damage. Collectively, our data demonstrate for the first time that dFMRP regulates the DNA damage response by suppressing CycB expression and inhibiting apoptosis.
RESULTS

dfmr1 mutants are hypersensitive to genotoxic stress
Mounting evidence indicates that FMRP plays a role in cell cycle control (3 -7) . As the cell cycle is tightly linked to DNA damage response, we examined the sensitivity of dfmr1 mutants to ionizing radiation which causes a wide spectrum of DNA defects including DNA double-strand breaks (DSBs). The wandering third-instar larvae were exposed to g-ray radiation at different doses. In both wild-type and homozygous dfmr1 50M null mutants, the irradiation of larvae caused a dosedependent decrease in adult survival (Fig. 1) . However, dfmr1 mutants were more sensitive compared with the w 1118 controls to irradiation at all doses used (Fig. 1) . At a dose of 40 Gy, only a few dfmr1 mutants survived (1.7 + 1.3%, n ¼ 180), whereas more than half of the irradiated w 1118 larvae survived to adults (62.5
/Df(3R)BSC38] showed hypersensitivity to irradiation similar to the dfmr1 50M homozygous mutants ( Fig. 1 ), whereas one copy of the wild-type genomic dfmr1 transgene partially reversed the hypersensitivity to irradiation (Fig. 1) . The partial rescue is not caused by a background mutation on the dfmr1 50M chromosome but likely by the fact that the genomic transgene does not faithfully mimic the expression pattern of the endogenous protein (16) . These results demonstrate that the hypersensitivity to irradiation is specifically caused by dfmr1 mutations.
To confirm the hypersensitivity of dfmr1 mutants to irradiation, we treated the offspring of dfmr1 50M heterozygous parents with the mutagenic chemicals methyl methanesulfonate (MMS) and hydroxyurea (HU). MMS methylates DNA on N 7 -deoxyguanine and N 3 -deoxyadenine, resulting in DNA DSBs, whereas HU reduces the production of deoxyribonucleotides by inhibiting ribonucleotide reductase and thus stalls DNA replication (17) . In the absence of mutagen treatment, dfmr1 50M homozygotes accounted for the expected one third of the total adults (29.8 + 2.7%, Table 1 ). The treatment of larvae with MMS caused a dose-dependent reduction in the survival of dfmr1 50M homozygotes as indicated by the reduced fraction of homozygotes in the total surviving adult population. For example, the fraction of dfmr1 50M homozygotes at the adult stage was reduced from 29.8 + 2.7 to 20.3 + 3.9% in larvae treated with 0.05‰ MMS and to 5.6 + 2.0% in larvae treated with 0.20‰ MMS (Table 1) . HU treatment caused a similar effect; the fraction of dfmr1 50M homozygotes was reduced from 26.1 + 3.3 to 15.1 + 4.0% as the HU dose was increased from 2.5 to 7.5 mM (Table 1) . Thus, dfmr1 mutants were hypersensitive to two forms of genotoxic stress, chemical mutagens and g-ray radiation. Figure 1 . dfmr1 mutants were hypersensitive to irradiation. Third-instar larvae were exposed to g-ray radiation at 0, 5, 10, 20, 30 and 40 Gy. Surviving adults were counted 1 week after the treatment. The percentage of surviving dfmr1 adults against the total number of larvae irradiated was calculated for each genotype. Homozygous dfmr1 50M mutants exhibited significantly higher lethality than wild types at all doses tested. dfmr1 50M /Df(3R)BSC38 hemizygous mutants displayed similar hypersensitivity to irradiation as dfmr1 50M homozygous mutants, whereas one copy of the genomic dfmr1 transgene (P[w+:dfmr1]/+) largely reversed the hypersensitivity of dfmr1 50M homozygous mutants. At least 50 larvae of each genotype were treated at each dose and three independent experiments were conducted. The total number of larvae tested for each genotype is indicated in the parenthesis. Error bars indicate SEM.
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Defective G2/M checkpoint in dfmr1 mutants
When the genome DNA is damaged, the cell cycle is arrested by signaling systems that act as checkpoints to allow enough time for the DNA repair (8, 9, 18) . We hypothesized that the hypersensitivity to DNA damage in dfmr1 mutants might result from a defective cell cycle checkpoint. To investigate this possibility, the brain lobes and ventral nerve cords from third-instar larvae of different genotypes were stained with the mitotic marker anti-phospho-Histone H3 (PH3) and the number of mitotic cells was quantified. Fig. 2D ). Importantly, one copy of the wild-type genomic dfmr1 transgene significantly rescued the increased number of mitotic cells in dfmr1 mutant brains (332.5 + 41.1; P , 0.05; Fig. 2D ). The Mei-41 protein is the Drosophila homolog of the mammalian checkpoint kinase ataxia telangiectasia-mutated and rad-3-related (ATR), the principle regulator of the G2/M checkpoint upon DNA damage (19, 20) . As expected, the number of mitotic cells significantly increased in the brains of HU-treated strong loss-of-function mei-41 RT1 mutants (566.7 + 67.9, n ¼ 6; P , 0.001; Fig. 2C and D) compared with the wild-type.
The defective G2/M checkpoint was also observed in the wing discs of dfmr1 mutants following irradiation. In the absence of irradiation, the number of mitotic cells detected by anti-PH3 staining in dfmr1 50M wing discs was comparable with the wild-type (Fig. 3A1, B1 and D) . However, 1 h after irradiation at 40 Gy, the number of mitotic cells in dfmr1 50M wing discs was 3.1-fold higher than the wild-type (103.1 + 44.8 for dfmr1 mutants versus 32.9 + 6.3 for wild-type; P , 0.01; Fig. 3A2 , B2 and D), consistent with the increased level of mitosis in HU-treated dfmr1 brains (Fig. 2) . As a positive control, mei-41 RT1 wing discs showed a much larger number of mitotic cells following irradiation (314.5 + 22.7; P , 0.001; Fig. 3C2 and D) . The significantly increased number of mitotic cells in dfmr1 mutants after HU treatment and irradiation (Figs 2 and 3) shows that dFMRP regulates G2/M checkpoint under genotoxic stress.
To verify the G2/M checkpoint defect in the HU-treated dfmr1 mutant brains, we used flow cytometry to measure the cell cycle profile of larval brains. Wild-type brains from HU-treated flies showed an obvious 39.2% decrease in the percentage of cells in G2/M phases (8.9 + 0.9%; Fig. 4A2 ) compared with the mock-treated wild-types (14.7 + 0.7%; Fig. 4A1 and C) . This is understandable, as HU-treatment led to a greatly reduced number of mitotic cells (Fig. 2) . In contrast, there was a comparable fraction of cells in G2/M phases in HU-treated and mock-treated dfmr1 50M mutants (10.7 + 1.1% for HU-treated and 11.8 + 0.9% for untreated mutants; Fig. 4B1 , B2 and C). As a control, mei-41 RT1 mutants showed a phenotype similar to that of dfmr1 mutants; again there was no obvious decrease in the fraction of cells in the G2/M phases after HU-treatment compared with the mock-treated mei-41 mutants (10.1 + 0.3% for HU-treated and 11.7 + 0.1% for untreated mei-41 mutants; Fig. 4C ). Together, the immunostaining (Figs 2 and 3 ) and cell cycle analysis by flow cytometry (Fig. 4) provide complementary evidence supporting that the loss of dfmr1 causes a defect in G2/M checkpoint induced by DNA damage.
To examine whether the dfmr1 mutation causes a defect at G1/S and intra-S checkpoints, we performed BrdU incorporation experiments. Incorporation of BrdU was equally reduced in wild-type and dfmr1 mutants after HU treatment (Supplementary Material, Fig. S1 ), indicating normal G1/S and intra-S DNA damage checkpoints in dfmr1 mutants. Thus, we conclude that dfmr1 primarily regulates the G2/M DNA damage checkpoint.
Up-regulation of CycB expression in dfmr1 mutant brains
The transition from one cell cycle phase to another is tightly controlled by cyclin -CDK complexes. The CycB -CDK1 complex is essential for the transition from G2 to M phase and CycB expression peaks during late G2 and early mitosis (21, 22) . Upon DNA damage, both CycB transcription and protein levels are down-regulated for a short period of time (10, 11) . Conversely, the overexpression of CycB overcomes the G2/M arrest induced by DNA damage in HeLa cells (12) . It is therefore possible that the G2/M checkpoint defect in dfmr1 mutants might be mediated through misregulated CycB expression. Quantitative polymerase chain reaction (PCR) detected a similar level of CycB transcripts in the larval brains of dfmr1 50M mutants and wild-types (Supplementary Material, Fig. S2 ). Western analysis, however, showed that the CycB protein level was significantly increased in dfmr1 brains by 1.6-fold of the wild-type (P , 0.01; Fig. 5A and B). Similarly, after HU treatment, there was a significantly higher level of CycB protein in dfmr1 mutant brains than in the wild-type (P , 0.05; Fig. 5A and B). The level of CycB showed no obvious alterations in wildtype animals after HU treatment, so did the level of CycB in (Fig. 5B) . In contrast to the increased levels of CycB, the other two mitotic cyclins CycA and CycB3 (23, 24) showed normal expression levels in dfmr1 mutants with or without HU treatment (Fig. 5A ). These results together show that dFMRP specifically regulates the expression level of CycB. Defective G2/M checkpoint in the larval brains of dfmr1 mutants. Brains from third-instar larvae mock-treated and treated with 50 mg/ml HU were stained with anti-PH3 antibody to detect mitotic cells. Wild-type (A), dfmr1 50M (B) and mei-41 RT1 (C) mutants mock-treated (2HU; A1-C1) and HU-treated (A2-C2) were examined. There was a significant reduction in mitosis induced by HU in wild-type brains (A1 and A2), indicating an intact G2/M checkpoint activated by DNA damage. (D) Quantitative analysis of mitotic cells in different genotypes under different conditions. After HU treatment, mitosis was almost completely blocked in wild-type brains, while mei-41 RT1 mutants exhibited a strong G2/M checkpoint defect as evidenced by virtually no decrease in the number of mitotic cells (brown bars). dfmr1 50M null mutants showed significantly more mitotic cells than the wild-type, while reducing the dose of CycB by half partially rescued the G2/M checkpoint defect in dfmr1 50M mutants. n ≥ 6; * P , 0.05, * * P , 0.01 and * * * P , 0.001; error bars indicate SEM.
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As the RNA-binding protein FMRP regulates the expression of multiple target genes at the post-transcriptional level, we performed RNA -protein immunoprecipitation to test whether CycB mRNAs were present in the dFMRP-RNA complexes. Background levels of actin mRNA served as a control (Fig. 5C) . Indeed, the dFMRP-containing protein complex immunoprecipitated by anti-dFMRP from larval brains contained 6.3-fold more CycB mRNA transcripts than the actin transcripts ( Fig. 5C) , though the mRNA level of CycB in dfmr1 50M brain lysates was comparable with the wild-type (Supplementary Material, Fig. S2 ). The mRNA level of futsch, a known target of dFMRP (25) , was also enriched by 7.3-fold compared with the actin controls (Fig. 5C ). The enrichment of CycB mRNA transcripts in the dFMRP-containing complexes and the elevated expression of CycB protein in dfmr1 mutants suggest that dFMRP may directly repress the translation of CycB mRNA.
Reducing CycB partially rescues the G2/M checkpoint defect and reverses the hypersensitivity to irradiation in dfmr1 mutants Elevated expression of CycB might be responsible for the G2/ M checkpoint defect in dfmr1 mutants. If so, then reducing the dosage of CycB could rescue the phenotypes of dfmr1 mutants, including the G2/M checkpoint defect and the hypersensitivity to genotoxic agents. Indeed, a heterozygous CycB null mutation (CycB 2 /+) significantly reduced the number of mitotic cells in the dfmr1 50M brain after HU treatment (426.9 + 44.8 for dfmr1
50M mutants and 249.5 + 37.7 for dfmr1 50M mutants heterozygous for CycB 2 ; P , 0.01; Fig. 2D ). This indicates that the G2/M checkpoint defect that causes increased mitosis following DNA damage in dfmr1 mutants is caused by the up-regulation of CycB expression. In addition, reducing the dose of CycB by half significantly increased the viability of dfmr1 50M mutants exposed to 30 Gy g-ray radiation (33.1 + 3.2% survival) compared with the dfmr1 50M mutants alone (14.2 + 4.4% survival; P , 0.01; Fig. 5D ). Thus, elevated CycB expression is at least partially responsible for the G2/M checkpoint defect and the hypersensitivity to irradiation in dfmr1 mutants.
Ionizing radiation induces excessive p53-dependent apoptosis in dfmr1 mutants
Cells with un-repaired DNA damage are eliminated by programmed cell death to avoid the proliferation of genetically mutated cells. Since dfmr1 mutants exhibited hypersensitivity to DNA damage and a defective G2/M DNA damage checkpoint, we investigated whether apoptosis was normally induced in dfmr1 mutants after irradiation using anticaspase-3 staining. Spontaneous apoptosis was rarely observed in the wing discs of untreated flies (Fig. 6A1 -D1 ), but substantial apoptosis was induced 4 h after irradiation in both wild-types and dfmr1 50M mutants ( Fig. 6A2 and B2 ). Compared with wild-type, the caspase-3 index, defined as Figure 3 . Defective G2/M checkpoint in the wing discs of dfmr1 mutants in response to g-ray radiation. Third-instar larvae were exposed to g-irradiation at 40 Gy and wing discs were stained with anti-PH3 antibody to detect mitotic cells after 1 h recovery. Wild-type (A), dfmr1 50M (B) and mei-41 RT1 (C) mutants were examined. Anti-PH3 staining results of the wing discs are shown for untreated (A1-C1) and IR-treated animals (A2 -C2). (D) Quantitative analysis of mitotic cells in (A)-(C). Mitosis in the wing discs was almost completely blocked in IR-treated wild type, while dfmr1 50M mutants showed a mild increase in the number of mitotic cells compared with the mei-41 RT1 mutants. n ≥ 5 for each genotype; * * P , 0.01 and * * * P , 0.001; error bars indicate SEM.
Human Molecular Genetics, 2012, Vol. 21, No. 21 4659 the anti-caspase-3-positive area divided by the total wing disc area, was significantly increased in irradiated dfmr1 mutants (0.13 + 0.01 for fmr1 50M mutants versus 0.07 + 0.008 for wild-type, n ≥ 8; P , 0.01; Fig. 6E ). One copy of the wildtype genomic dfmr1 transgene fully rescued the increased apoptosis in dfmr1 mutants (Fig. 6E) , indicating that the excessive apoptosis after irradiation is specifically caused by loss of dfmr1.
It is well established that p53 is responsible for the irradiation-induced apoptosis in both Drosophila and mammals (26, 27) . We therefore tested whether the excessive apoptosis in irradiated dfmr1
50M mutants was p53-dependent. Irradiationinduced apoptosis was reduced to undetectable levels in both p53 5A-1-4 null mutants and dfmr1 p53 double null mutants (Fig. 6C2, D2 and E), indicating that the excessive apoptosis in dfmr1 mutants following irradiation depends on p53.
Irradiation-induced p53-dependent apoptosis is mediated through the Reaper (Rpr)-Hid-Grim (RHG) pro-apoptotic proteins that are transcriptionally regulated by p53 (28, 29) . To provide further evidence for the excessive p53-dependent apoptosis in irradiated dfmr1 mutants, we quantified the level of RHG gene transcripts by quantitative PCR. Compared with the wild-type, the levels of rpr, hid and grim transcripts in irradiated dfmr1 50M mutant brains were significantly increased by 4.26-, 6.43-and 5.88-fold, respectively (Fig. 6F) , indicating that increased apoptosis in dfmr1 mutant is mediated through the RHG pro-apoptotic proteins.
We further analyzed the expression of rpr by examining the b-galactosidase activity of an rpr-11-lacZ reporter in the wing discs. The rpr-11-lacZ reporter, consisting of an irradiationresponsive cis-element and the p53-binding site of rpr fused to lacZ, has been used to assess the p53-mediated expression of rpr by irradiation (30, 31) . In the un-irradiated animals, the basal level of b-galactosidase expression occurred at the posterior wing margin and dorsal hinge of both wild-types and dfmr1 50M mutants (Fig. 6G1 and H1 ). After irradiation, an obviously higher level of b-galactosidase expression at the dorsal hinge and throughout the wing pouch was detected in dfmr1 mutants compared with the wild-type (compare Fig. 6G2  and H2) . Statistically, the percentage of the total area of the 50M and mei-41 RT1 mutants from multiple, independent samples. The fraction of cells in G2 and mitotic phases in dfmr1 mutants after HU treatment was not obviously decreased compared with wild-type, suggesting a defective G2/M checkpoint in dfmr1 mutants. For each sample, at least 10 000 cells were analyzed (n ¼ 3).
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LacZ-positive signals per wing disc was 10.6 + 0.7% in wildtypes, but significantly increased to 16.9 + 1.8% in dfmr1 50M mutants after irradiation (n ≥ 7; P , 0.01). These results together demonstrate that the p53-mediated pathway is responsible for the excessive apoptosis in dfmr1 mutants.
Increased number of DNA breaks in the irradiated dfmr1 mutants
As dfmr1 mutants displayed increased sensitivity to genotoxic stress ( Fig. 1 and Table 1 ), we examined the expression of phosphorylated H2Av in the salivary gland cells following irradiation. Phosphorylation at serine 137 of the histone variant H2Av, the homolog of mammalian histone variant H2AX (32, 33) , is one of the early markers for DSBs. The number of phosphorylated H2Av foci per cell in the wing discs of un-treated dfmr1 50M mutants (0.25 + 0.08, n ¼ 292 cells) was not significantly different from the wild-type controls (0.28 + 0.05, n ¼ 193 cells; P . 0.05; Fig. 7C ). One hour after irradiation at 40 Gy, however, the number of phosphorylated H2Av foci per cell was significantly higher in dfmr1 50M mutants (10.33 + 0.83, n ¼ 157; Fig. 7B1-B3 and C) than the wild-type (6.76 + 0.27, n ¼ 113; P , 0.05; Fig. 7A1 -A3 and C) . In addition, we found more chromosomal breaks in dfmr1 larval brain neuroblasts (0.71 + 0.08 chromosomal breaks/ nucleus, n ¼ 123) compared with wild-types (0.38 + 0.04, n ¼ 86; P , 0.01; Fig. 7D-F) after radiation. Moreover, reducing the dosage of CycB by half significantly reduced the number of chromosomal breaks in dfmr1 mutants to the wildtype level (0.50 + 0.04, n ¼ 104), suggesting that the phenotype is caused by the up-regulation of CycB. The increased number of DNA breaks in dfmr1 mutants (Fig. 7A -F) indicate a DNA repair defect which may underlie the mutants' hypersensitive to irradiation.
As the nucleolus is a DNA damage sensor (34), we detected nucleoli with an antibody against fibrillarin. Fibrillarin is an rRNA 2 ′ -O-methyltransferase, a component of the small nuclear ribonucleoprotein particle (35) . Immunostaining for fibrillarin revealed that the nucleoli of the salivary gland cells from dfmr1 mutants appeared fragmented; the number of nucleoli per cell in dfmr1 mutants (1.87 + 0.07 nucleoli/ cell, n ¼ 131) was significantly increased compared with wild-type (1.19 + 0.03 nucleoli/cell, n ¼ 170; P , 0.01; Fig. 7G-I) . Following irradiation at 1 Gy, the nucleoli of both wild-type and dfmr1 mutants were dramatically disrupted and even completely eliminated (data not shown). The increased number of DNA breaks following irradiation and the fragmented nucleoli in dfmr1 mutants support that dFMRP is involved in the DNA damage response. 
(B) Densitometric quantification of western blotting results in (A). CycB protein expression in the larval brains was significantly higher in dfmr1
50M mutants than in the wild-type both un-treated (n ≥ 3; P , 0.01) and after 50 mg/ml HU treatment (n ≥ 3; P , 0.05), indicating that dFMRP normally acts to suppress CycB expression. No significant change in the expression levels of CycA and CycB3 was detected in different genotypes under different conditions. (C) CycB mRNA was significantly enriched in the dFMRP-containing protein complex (n ≥ 3; P , 0.01). The mRNA levels of three different genes in the dFMRP immunoprecipitates from the larval brains of wild-types and dfmr1 dfmr1 mutants exhibit increased genome instability induced by genotoxic stress
As dfmr1 mutants were hypersensitive to genotoxic stress, we carried out a loss-of-heterozygosity (LOH) assay in the adult wing hair system to assess genome instability caused by irradiation (28, 36) . In the wild-type, a single hair is formed per hair cell in the adult wings (Fig. 8A) , whereas in the homozygous nulls of the recessive multiple wing hairs (mwh 1 ), multiple hairs (ranging from 2 to 7) are formed by each hair cell (Fig. 8B) . Whenever a precursor hair cell heterozygous for mwh 1 loses the wild-type copy Figure 6 . Increased p53-mediated apoptosis in dfmr1 mutants in response to irradiation. Apoptosis detected by anti-caspase-3 staining in wing discs of wild-type (A), dfmr1 50M mutants (B), p53 5A-1-4 mutants (C) and dfmr1 50M p53 5A-1-4 double mutants (D). Staining results of untreated wing discs are shown in the top row (A1-D1), while samples prepared 4 h after 40 Gy radiation are presented in the bottom row (A2 -D2). Spontaneous apoptotic cells were rare in all four genotypes, while significant numbers of apoptotic cells were induced by irradiation in both wild-type and dfmr1 50M mutants. (E) Apoptosis was quantified using anti-caspase-3 index, defined as the anti-caspase-3-positive area divided by the whole disc area, as an indicator. At least eight discs from three independent experiments were analyzed for each genotype. (F) Relative levels of rpr, hid and grim RNA normalized to the level of rp49 transcripts were determined by quantitative PCR. n ≥ 3 for each genotype; * P , 0.05 and * * P , 0.01; error bars indicate SEM. (G and H) Expression of b-galactosidase reflecting activation of the pro-apoptotic gene rpr was examined in wing discs. The level of b-galactosidase expression was similar in mock-treated wild-type and dfmr1 50M mutants (G1 and H1), but the b-galactosidase expression was higher in irradiated dfmr1 50M mutants compared with irradiated wild-types (G2 and H2). Arrow in G1 indicates the dorsal hinge and curved arrow points at the posterior wing margin.
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(i.e. LOH) during proliferation, the progeny hair cells will show the mwh phenotype (Fig. 8C) . Two dfmr1 null alleles, dfmr1 50M and dfmr1 3 , were examined in the LOH assay. The number of mwh hair cells per wing in heterozygous mwh 1 animals in the wild-type background (1.0 + 0.75) was similar to that in the dfmr1 null background (0.5 + 0.5 for dfmr1 50M and 0.7 + 0.3 for dfmr1 3 ; P . 0.05 for both dfmr1 alleles compared with the wild-type; Fig. 8D ). After irradiation at 20 Gy, however, both dfmr1 null lines heterozygous for mwh 1 exhibited a significantly larger number of multiple hair cells per wing (73.4 + 3.0 for dfmr1 50M and 64.0 + 3.5 for dfmr1 3 ) compared with the irradiated wildtype controls (30.6 + 1.4; P , 0.001 for both alleles; Fig. 8D ). The increased incidence of the multiple wing hair phenotype suggests that the single wild-type copy of the mwh gene is more often lost or disrupted in dfmr1 mutants than in the wild-types after irradiation. Thus, our data show that, in the context of genotoxic stress, dFMRP is required for maintaining genome stability.
DISCUSSION
Loss of dfmr1 leads to hypersensitivity to genotoxic stress and defective G2/M DNA damage checkpoint Phenotypic analysis of animal models of FXS continues to reveal novel functions for FMRP. In this study, we present multiple lines of experimental evidence demonstrating for the first time that dFMRP is involved in DNA damage response. DNA damage responses are executed through coordinated interplays and cross-talks of multiple players from sensors to transducers, and finally to effectors. There are four distinct pathways involved in the DNA damage response: cell cycle arrest (also known as DNA damage checkpoint), transcriptional induction, DNA repair and apoptosis; the four pathways act independently under certain conditions, but frequently, they interact to repair the damaged DNA or commit apoptosis (8, 13, 18, 37) . The hypersensitivity to irradiation (Fig. 1) , G2/M checkpoint defects (Figs 2 -4) , excessive apoptosis (Fig. 6 ) and increased number of DNA breaks (Fig. 7) in dfmr1 mutants after irradiation all support that dfmr1 plays a critical role in DNA damage response. In addition, dfmr1 mutants showed an elevated rate of LOH upon DNA damage (Fig. 8) , indicating reduced genome stability in dfmr1 mutants. It is well established that proteins involved in checkpoint control and DNA repair play a critical role in maintaining genome integrity (9, 38) . Thus, the decreased genome stability in dfmr1 mutants also supports the conclusion that dfmr1 participates in DNA damage response.
Loss of dfmr1 affects cell cycle progression in different developmental processes (4, 5, 7) . We speculated that the hypersensitivity to DNA damage in dfmr1 mutants might be due to a defective cell cycle control. However, in the absence of genotoxic stress, we detected normal expression of the G1/S checkpoint regulator CycE (data not shown), normal DNA synthesis activity (Supplementary Material, Fig. S1 ) and normal G2/M checkpoint (Figs 2 and 3 ) in dfmr1 50M mutants compared with the wild-type. These results indicate that the G1/S and G2/M checkpoints were functional in dfmr1 mutants. Following genotoxic stress, however, we found significantly more mitotic cells in the larval brains and wing discs of dfmr1 50M mutants compared with the wild-type controls (Figs 2 and 3) , indicating a defect in the G2/M DNA damage checkpoint in dfmr1 mutants. In support of this checkpoint defect, cell cycle profiling of the larval brain cells by flow cytometry demonstrated a similar trend of cell cycle profile between dfmr1 and mei-41 mutants (Fig. 4) . We therefore conclude that dfmr1 primarily regulates the G2/M checkpoint in response to genotoxic stress.
The defective G2/M checkpoint in dfmr1 mutants under genotoxic stress is caused by up-regulation of CycB Cyclins and their CDK partners play an important role in regulating cell cycle progression. Misregulation of these cyclin -CDK complexes causes defective cell cycle progression, especially in the cells with damaged DNA (21, 39) . When DNA damage is inflicted at the G1 stage, the G1/S checkpoint regulator CycE -CDK2 is silenced to arrest the G1 to S transition. Alternatively, when DNA damage occurs at the G2 stage or if DNA damage remains unrepaired from the previous G1 or S phase, the CycB-CDK1 complex (also known as a mitosis 50M null background following 20 Gy radiation of third-instar larvae. Cells in circles lost the only wild-type copy of mwh due to genome instability. (D) The number of mwh 1 clones per wing in wild-type and dfmr1 50M mutants. In the absence of irradiation, the frequency of spontaneous mwh 1 clones per wing was low and indistinguishable between dfmr1 mutants and wild-types. However, there were significantly more mwh 1 clones per wing in dfmr1 50M mutants compared with the wild-type following irradiation. Two dfmr1 null alleles dfmr1 50M and dfmr1 3 were analyzed. n ≥ 6 for each genotype. * * * P , 0.001; error bars indicate SEM.
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promoting factor) is inhibited to arrest cells at the G2/M transition (21, 22) . In light of a report demonstrating that dFMRP suppresses the expression of CycB at the mid-blastula transition during early embryonic development (4), we speculated that the G2/M checkpoint defect observed in dfmr1 mutants after genotoxic stress might be due to the altered expression of CycB. Indeed, CycB protein was elevated in dfmr1
50M
brains, while the other two G2/M checkpoint regulators, CycA and CycB3, were unaltered (Fig. 5) , indicating a specific suppression of CycB by dFMRP. This specific regulation of CycB by dFMRP was further supported by the observation that CycB mRNA was enriched in the dFMRP-mRNA protein complex from larval brains (Fig. 5) . Moreover, reducing the dose of CycB by half partially rescued the increased mitosis and hypersensitivity of dfmr1 mutants to genotoxic stress (Figs 2 and 5) . Thus, up-regulation of CycB in dfmr1 mutants accounts, at least partially, for the G2/M checkpoint defect in response to DNA damage. In support of this conclusion, overexpression of the truncated, stable form of CycB is sufficient to induce G2/M transition defect in both eye discs and wing discs after irradiation (Supplementary Material, Fig. S3 , but also see Supplementary Material, Fig. S4 ). The CycB level is tightly regulated during the cell cycle at both the transcriptional and post-translational levels. Among the many regulators of CycB, the transcription factors NF-Y, FoxM1 and B-Myb activate transcription of CycB (22, 40) . These CycB regulators are important for the G2/M progression under both normal and stress conditions. Activation of FoxM1 is critical for the G2/M arrest (41, 42) , whereas B-Myb is required for the recovery of G2/M checkpoint in p53-negative cells (43) . In this study, we reveal a negative regulation of CycB by dFMRP at the post-transcriptional level that controls the G2/M checkpoint under genotoxic stress.
dfmr1 inhibits DNA damage-induced apoptosis and preserves genome integrity In addition to the G2/M cell cycle defect in dfmr1 mutants (Figs 2 -5) , we found an obviously disrupted nucleolar structure in the mutant salivary gland cells (Fig. 7) . As the nucleolus is critical for the DNA damage-induced p53 activation and apoptosis (34, 44) , we examined apoptosis in the wing discs by anti-caspase-3 staining. Spontaneous apoptosis was undetectable in the untreated dfmr1 mutants and wild-types, while genotoxic stress evoked excessive p53-dependent apoptosis in dfmr1 mutants (Fig. 6) . Overactivation of p53 in the dfmr1 mutants was further confirmed by elevated expressions of the pro-apoptotic hid-rpr-grim genes transcriptionally regulated by p53 (Fig. 6F -H) . It is unknown at present why dfmr1 mutants showed increased p53-dependent apoptosis after irradiation. One interpretation for the phenotype is compromised DNA damage repair in dfmr1 mutants (Fig. 7) . Alternatively, the increased level of CycB in dfmr1 mutants may also lead to elevated apoptosis ( Fig. 5 and Supplementary Material, Fig. S3 , but also see Supplementary Material, Fig. S4 ). It is worth noting that without genotoxic stress, dfmr1 is required for apoptosis and clearance of developmentally transient neurons in the adult brains (45) . On the other hand, overexpression of dFMRP in multiple tissues including the wings and eyes also induces apoptosis, though a possible role of p53 in the process was not examined (46) . Thus, dFMRP can either promote or inhibit apoptosis under different conditions by distinct yet uncharacterized mechanisms.
Drosophila dfmr1 null mutants also exhibited decreased genome stability as revealed by the LOH assay (Fig. 8) . Apoptosis is an endogenous and well conserved program to eliminate cells with severely damaged DNA to avoid propagation of potential mutations (47) . It is conceivable that loss of dfmr1 decreases genome stability, presumably resulting from a DNA repair defect, leading to increased apoptosis and lethality following DNA damage. Further experiments are required to unravel the causal relationships between dFMRP, DNA repair and apoptosis.
It is not known if FXS patients and Fmr1 knockout mice are also hypersensitive to genotoxic stress. It is well established that the fragile sites of chromosomes are more prone to DNA damage and thus more dependent on the integrity of DNA repair mechanisms to maintain chromosomal stability (48, 49) . A recent study using fibroblasts reported that the DNA damage response is required to maintain the stability of the fragile X site (50) . In addition, mutagen-induced genome instability was observed in the cultured lymphocytes from FXS patients (51, 52) . However, a subsequent study reported that lymphocytes from FXS patients displayed normal genome stability under genotoxic stress (53) . This discrepancy remains to be resolved. In Drosophila, there is only one FMRP homolog instead of three FMRP family members in mammals (14, 46) . The redundancy of three FMRP members in mammals may make the phenotype of single mutants too weak to be detected. It would be of interest to test if double or triple mouse knockouts of the three FMRP family members exhibit the hypersensitivity to genotoxic stress observed in the Drosophila dfmr1 mutants. Such a result would underscore a novel role for FMRP in maintaining genome stability and cell cycle control to allow for proper neuronal proliferation during brain development.
MATERIALS AND METHODS
Drosophila stocks and genetics
All fly stocks were cultured at 258C on standard cornmeal medium unless specified. The w 1118 was used as the wild-type strain. Two independently dfmr1 null alleles, dfmr1 50M and dfmr1 3 , were described previously (25, 54) . A wild-type genomic dfmr1 transgene strain P[w+: dfmr1] was a generous gift from Dr H. Siomi (16) . The rpr-11-LacZ/CyO GFP reporter was from Dr J.M. Abrams (55) . The stocks cycB
RT1 , p53 5A-1-4 and Df(3R)BSC38 uncovering dfmr1 were obtained from the Bloomington Drosophila Stock Center (Bloomington, IN, USA). The dfmr1 p53 and mwh dfmr1 double mutants were generated by conventional genetic techniques.
Ionizing radiation assay
For the radiation sensitivity test, Drosophila larvae were irradiated as described previously (28) . Specifically, wandering third-instar larvae in glass vials were irradiated at the intensity Peking University). One week following irradiation, the number of surviving adults was scored. The percentage of surviving adults of a specific genotype to the total number of larvae irradiated is presented. Each treatment was repeated three times and at least 60 larvae were assayed for each dose (Fig. 1 ).
MMS and HU sensitivity assay
The mutagen sensitivity assay was conducted as described previously (17) . Briefly, 20 dfmr1 50M /TM6B Tb Hu females were mated with several males for 24 h to allow egg laying and then transferred to new vials. Fifty microliters of MMS (Sigma) or HU (Sigma) at different concentrations was added to vials containing larvae at 24-48 h after egg laying, and ddH 2 O was used as a mock control. Adult flies were scored within 2 weeks of the mutagen treatment, and the percentage of dfmr1 50M homozygotes to the total number of surviving adults was calculated. Each treatment was repeated three times and at least 144 total progeny were scored for each dose.
Immunohistochemistry
Different tissues from third-instar larvae were dissected in phosphate-buffered saline (PBS), fixed in 4% formaldehyde for 25 min, and blocked in blocking solution (1% bovine serum albumin and 2% goat serum in 0.3% PBST) for 30 min. For the examination of the G2/M checkpoint, third-instar larvae were fed 50 mg/ml of HU for 5 h following a published protocol (56) or irradiated at 40 Gy. Brains and ventral nerve cords and wing discs from third-instar larvae were stained with rabbit anti-PH3 (1:500; Millipore) to detect mitotic cells.
For detecting DSBs, third-instar larvae were irradiated at 40 Gy and stained after 1 h recovery with a rabbit antibody against the phosphorylated Drosophila H2Av (also known as H2AvD; 1:200; Rockland). Mouse anti-fibrillarin (1:1000; Covance) was used for nucleolar staining. Nuclear DNA was detected by TO-PRO-3 iodide (1:2000; Invitrogen) staining. The secondary antibodies used were Alexa 488 or 568-conjugated anti-mouse or anti-rabbit antibodies (1:1000; Invitrogen). All immunostained samples were mounted with Vectashield (Vector Laboratories, Burlingame, CA, USA) and images were collected with a Leica SP5 confocal microscope and processed using Adobe Photoshop.
Flow cytometry
To examine the cell cycle profile of larval brain cells, wandering third-instar larvae were cultured in the food containing 50 mg/ ml of HU for 5 h before dissection. Brains from 20 un-treated and 20 treated larvae were dissected out in PBS. After the removal of PBS, 600 ml ice-cold buffer (200 mM Tris-HCl, pH 7.5, 4 mM MgCl 2 , 0.1% Triton X-100) was added to the brains. The samples (three replicates) were then transferred to a Petri dish and chopped with a single-edged razor blade until homogenous. The samples were placed into flow cytometry tubes by filtration through a 40 mm mesh (BD BioSciences). After adding Hoechst 33342 (10 mg/ml), samples containing largely single cells were kept on ice for 1 h before analysis on a BD FACS Aria II flow cytometer (BD BioSciences). Reading with coefficient of variation, values ,6% were analyzed using ModFit (Verity Software House) software.
Western analysis
Forty brains from wandering third-instar larvae treated with 50 mg/ml of HU and mock-treated for 5 h were dissected in PBS and homogenized in 50 ml lysis buffer [100 mM KCl, 2 mM MgCl 2 , 50 mM Tris (pH 7.5), 2 mM ethylene glycol tetraacetic acid, 2% (v/v) glycerol, 0.125% (v/v) Triton X-100, 100 nM paclitaxel (Invitrogen), 1% (v/v) DMSO and 1% Protease Inhibitor Cocktail (Calbiochem)] followed by mixing with 5× loading buffer as described previously (57) . Ten microliters of each sample was loaded on each gel lane. The primary antibodies used were anti-CycB3 [1:1000; from C.F. Lehner (24)], anti-CycB and anti-CycA (both used at 1:500; from the Developmental Studies Hybridoma Bank) and anti-actin (1:50 000; Millipore). The primary antibodies were detected by horseradish peroxidase-coupled secondary antibodies using a chemiluminescent method (ECL Kit, Amersham).
Quantification of mRNA transcripts
Immunoprecipitation of dFMRP-positive RNA -protein complex from wild-types and dfmr1 50M null mutants was performed as described previously (25, 58) . Briefly, 200 third-instar larval brains were dissected out and homogenized in 1 ml ice-cold polysome lysis buffer (100 mM KCl, 5 mM MgCl 2 , 10 mM hydroxyethyl piperazineethanesulfonic acid, pH 7.0, 0.5% Nonidet P-40, 1 mM dithiothreitol, 2 mM vanadylribonucleoside complexes solution) with 1× protease inhibitors (Calbiochem) and 100 U/ml RNase inhibitor RNasin (Promega). Brain lysate was incubated with a dFMRP antibody (6A15, Sigma) or mouse IgG at 48C overnight. Fifty microliters of protein A-agarose beads (GE) was added and incubated for 4 h. After washing with polysome lysis buffer containing 1 M urea, the processed beads were resuspended in 100 ml of polysome lysis buffer containing 0.1% SDS and 30 mg proteinase K and incubated at 508C for 30 min. RNA was extracted by conventional methods. The RNA was reverse transcribed with an oligo-dT primer using a kit from Invitrogen. CycB transcript was quantified with primers 5 ′ -GGGAAACATCAGTTAGTTAAAACG-3 ′ and 3
′ -CAGGTCACTGCCAGCAACTTAGGA-5 ′ using a realtime PCR system Mx3000P (Stratagene) with a SYBR Green dye (Applied Biosystems). Primers for detecting futsch (available upon request) and actin mRNA were described previously (26, 27) . Statistical analysis was based on a minimum of three repeats.
For quantitative analysis of pro-apoptotic gene transcripts, total RNA was extracted from imaginal discs with Trizol reagent and reverse transcribed with an oligo-dT primer using a kit from Invitrogen. The transcript levels of hid, rpr and grim were quantified using a real-time PCR system Mx3000P (Stratagene) with a SYBR Green dye (Applied Biosystems) and normalized to the expression level of rp49 as described previously (59) . Three independent repeats were 
Analysis of apoptosis and chromosomal breaks
For apoptosis analysis, wing discs from third-instar larvae 4 h after irradiation at 40 Gy of different genotypes were dissected out in PBS and fixed in 4% formaldehyde at room temperature for 20 min. Samples were permeabilized in a buffer containing 100 mM sodium citrate and 0.1% Triton X-100 at 658C for 30 min, incubated with rabbit anti-cleaved caspase-3 (1:200, Cell Signaling Technology) overnight at 48C. Fluorescencelabeled secondary antibodies were used to detect the anti-caspase 3. Anti-caspase-3 index is defined as the ratio of the anti-caspase-3-positive area to the total disc area calculated using ImageJ.
Mitotic chromosomes of larval brains were performed essentially as described (60) . Larvae were irradiated with 10 Gy g-rays. After recovered at 258C for 1 h, larval brains were dissected in PBS, incubated in a hypotonic solution (0.5% sodium citrate) for 10 min and fixed in a freshly prepared acetic acid/methanol/H 2 O (11:11:2) mixture for a few seconds. Fixed brains were treated in 45% acetic acid for 1-2 min, followed by squashing. Chromosomes were stained with 4 ′ ,6-diamidino-2-phenylindole in a mounting medium. Images were taken using a Zeiss ApoTome microimaging system.
LOH assay
The LOH assay was conducted as described previously (28, 36) . Wandering third-instar larvae of different genotypes were mock-treated or irradiated at a moderate dose of 20 Gy. Adult wings were dissected and dehydrated in isopropanol before mounting with glycerol. Five to ten wings were examined for each genotype using a Zeiss ApoTome microimaging system. Cells with more than one hair were scored as mwh 1 mutant cells.
Quantification and statistical analysis
To quantify the signal intensity in confocal images and western blots, ImageJ software was used. All statistical comparisons were performed using Microsoft Excel. P-values were calculated by two-tailed Student's t-tests. All data are presented as the mean + SEM. No asterisk denotes P . 0.05; asterisk denotes P , 0.05; double-asterisk denotes P , 0.01; tripleasterisk denotes P , 0.001.
